Glycerol has become an attractive carbon source in the biotechnology industry owing to its low price and reduced state. However, glycerol is rarely used as a carbon source in Saccharomyces cerevisiae because of its low utilization rate. In this study, we used glycerol as a main carbon source in S. cerevisiae to produce 1,2-propanediol. Metabolically engineered S. cerevisiae strains with overexpression of glycerol dissimilation pathway genes, including glycerol kinase (GUT1), glycerol 3-phosphate dehydrogenase (GUT2), glycerol dehydrogenase (gdh), and a glycerol transporter gene (GUP1), showed increased glycerol utilization and growth rate. More significant improvement of glycerol utilization and growth rate was accomplished by introducing 1,2-propanediol pathway genes, mgs (methylglyoxal synthase) and gldA (glycerol dehydrogenase) from Escherichia coli. By engineering both glycerol dissimilation and 1,2-propanediol pathways, the glycerol utilization and growth rate were improved 141% and 77%, respectively, and a 2.19 g 1,2-propanediol/l titer was achieved in 1% (v/v) glycerolcontaining YEPD medium in engineered S. cerevisiae.
Owing to the limitation of fossil fuels [12] , many researchers have made efforts to construct novel microbial systems to produce valuable chemicals and fuels from non-petroleum resources [4, 22, 23] . Glycerol, a by-product of biodiesel, occupies 10% of volume production of biodiesel [11] . As biodiesel production increased, glycerol has become an attractive and competitive carbon source because its price has decreased quickly. Moreover, its reduced state of carbon allows an easy conversion to other useful chemicals, such as 1,3-propanediol, dihydroxyacetone, ethanol, succinic acid, propionic acid, and citric acid [9] .
The glycerol utilization pathway has been investigated in several enterobacteria species, such as Klebsiella pneumonia [1], Enterobacter agglomerans [5] , and Escherichia coli [10] . Two different pathways were characterized for aerobic and anaerobic conditions, respectively [7, 21, 35] . Glycerol kinase and glycerol 3-phosphate dehydrogenase that convert glycerol to glycerol 3-phosphate to dihydroxyacetone phosphate are mainly expressed under aerobic condition. Meanwhile, glycerol dehydrogenase and glycerol 3-phosphate kinase that convert glycerol to dihydroxyacetone to dihydroxyacetone phosphate are expressed under anaerobic condition. With the pathway information, the production of ethanol and co-products from glycerol has been investigated in several microorganisms [17, 34, 38] . So far, the anaerobic pathway has been mainly utilized for this purpose. However, many valuable products can be produced at higher yields by microaerobic or aerobic culture conditions [11] .
Glycerol overproduction has been widely investigated with Saccharomyces cerevisiae [24, 26, 29, 33] , because S. cerevisiae can produce glycerol at the highest levels among microorganisms. Glycerol is also investigated as a stress-related metabolite in S. cerevisiae [30] . For example, osmotic stress seems to be intimately related to glycerol response, so that its signaling pathway, the HOG pathway, was well characterized [14] . However, metabolite overproduction using glycerol as a carbon source has been very limited with S. cerevisiae.
1,2-Propanediol, also called propylene glycol or propane-1,2-diol, is a major commodity chemical with global demand estimated around 3 billion lb/year for food, drug, and cosmetic industries. It is used as less-toxic antifreeze, solvent in the photographic industries, humectants in the food industries, or moisturizer and carrier of fragrance oils in the cosmetic and pharmaceutical fields [19] . The US Food and Drug Administration (FDA) has determined propylene *Corresponding author Phone: +82-2-3290-3308; Fax: +82-2-926-6102; E-mail: mkoh@korea.ac.kr glycol to be "generally recognized as safe" for use in food, cosmetics, and medicines.
In this study, we metabolically engineered S. cerevisiae to produce 1,2-propanediol. The construction of a heterologous 1,2-propanediol pathway in S. cerevisiae increased the glycerol uptake rate. We further overexpressed three endogenous genes in the glycerol utilizing pathway, GUT1 (glycerol kinase), GUT2 (glycerol 3-phosphate dehydrogenase), and GUP1 (aglycerol transport) (Fig. 1) . We also introduced a glycerol dehydrogenase gene, which converts glycerol to dihydroxyacetone from Pichia angusta [27] . As a result, the growth rate, glycerol uptake rate, and 1,2-propanediol production were greatly enhanced in S. cerevisiae.
MATERIALS AND METHODS
Strains and Plasmid Constructions S. cerevisiae 499 strain (MATa ura3-52 lys2-801amberade2-101orchetrp1-∆63 his3-∆200 leu2-∆1) was genetically modified for producing 1,2-propanediol (Table 1 ). E. coli strain DH5α was used for plasmid construction.
To construct expression vectors, pESC-URA, pESC-TRP, and pESC-LEU (Stratagene, San Diego, USA) were purchased. For producing 1,2-propanediol in S. cerevisiae, mgs and gldA genes were PCRamplified using E. coli DH5α genomic DNA as a template and cloned into the pESC-URA vector as previously described [19] . For selection of the most strong glycerol dehydrogenase that converts from glycerol to dihydroxyacetone in S. cerevisiae, three different glycerol dehydrogenase genes, gldA, dhaD, and gdh, were PCRamplified using E. coli, C. freundii, or P. angusta genomic DNAs as templates using the three sets of primers listed in Table 2 , respectively. Each glycerol dehydrogenase gene was inserted into the pESC-LEU vector under a GAL10 promoter using NotI/SacI (Fig. 2A) . For overexpression of the glycerol transporting-related GUP1 gene, a pair of primers listed in Table 2 were used for PCR amplification using S. cerevisiae YPH499 genomic DNA as a template. The PCR product was cloned into the T-easy vector (Promega, Madison, USA), and then inserted into the pESC-LEU vector using BamHI/SalI under the GAL1 promoter. We also constructed an expression vector for both the glycerol dehydrogenase (gdh) and GUP1 genes into the pESC-LEU vector (Fig. 2B) . For overexpression of the GUT1 and GUT2 genes, two sets of primers listed in Table 2 were used for PCR amplification using S. cerevisiae YPH499 genomic DNA as a template. Each PCR product was cloned into the pESC-TRP vector using BamHI/SalI under the GAL1 promoter, and the GUT1 gene was inserted under the GAL10 promoter using EcoRI/SacI (Fig. 2C) . The results in expression vectors were transformed to S. cerevisiae by the lithium acetate method [16] .
To develop a dak1 deleted strain, a set of primers (dak1f and dak1r in Table 2 ) were used for PCR amplification using pFA6a-KanMX as a template [36] . The PCR product was transformed to S. Fig. 1 . Glycerol uptake pathway in S. cerevisiae and engineered 1,2-propanediol synthesis pathway in this study.
G3P, glycerol 3-phosphate; DHA, dihydroxyacetone; DHAP, dihydroxyacetone phosphate; MG, methylglyoxal; 1,2-PDO, 1,2-propanediol; EtOH, ethanol; GUT1 glycerol kinase gene; GUT2, glycerol 3-phosphate dehydrogenase gene; DAK1/DAK2, dihydroxyacetone kinase genes; gdh, glycerol dehydrogenase gene of Pichia angusta; mgs, methylglyoxal synthase gene of E. coli; gldA, glycerol dehydrogenase gene of E. coli. Bold italic letters indicate overexpressed genes in this study. 
